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Abstract-This paper presents recent advances in a 3-D inverse 
scattering technique, called forward-backward time-stepping 
(FBTS), applied to the reconstruction of the microwave properties 
of the breast. The FB TS algorithm is utilized for a numerical-based 
study of a 3-D breast model based on an MRI. Several illumina-
tion schemes, based on different microwave transmitter/receiver 
configurations, are compared based on the quality of the recon-
structed images of the breast model. A combination of cylindrical 
and planar arrays is shown to provide accurate estimates of the 
model electrical parameters that delineate the various regions of 
the breast. Although further analysis with this combination array 
demonstrates that tumors of reduced size and reduced contrast 
with the surrounding fibroglandular region are much more dif-
ficult (and in some cases not possible) to reconstruct, the study 
presents some promising initial results of a reconstruction tech-
nique for breast imaging and cancer detection. 
Index Terms-Cancer, electromagnetic scattering inverse prob-
lems, medical diagnosis, microwave imaging. 
I. INTRODUCTION 
A CTIVE microwave breast imaging, in which microwave signals are transmitted into the breast with subsequent 
scattered energy utilized to analyze the breast's composition and 
detect the presence or absence of malignancies, has been devel-
oping rapidly over the past several years. The motivation behind 
the development of this technology stems from the fact that the 
current standard for breast cancer detection, X-ray mammogra-
phy, is limited in terms of both sensitivity (correctly detecting 
breast cancer) and specificity (correctly screening out patients 
without malignancies) [1]. 
The potential for microwave imaging for practical clinical use 
is significant due to a wide variety of possible advantages such 
as low-cost system implementation, the use of low-power, non-
ionizing radiation [2], [3], patient comfort [4], and promising 
initial clinical investigations [4], [5]. Another advantage fre-
quently cited in the literature, a large contrast in the electrical 
Manuscript received May 5, 2008; revised October 22, 2008. First published 
May 19,2009; current version published August 14, 2009. This work was sup-
ported in part by a Japan Society for the Promotion of Science (JSPS) Grant-in-
Aid for Scientific Research(B) (20360187) and a Grant-in-Aid for JSPS Fellows 
(17-05901). Asterisk indicates corresponding author. 
* J. E. Johnson was with the Department of Electrical and Electronic Engineer-
ing, Nagasaki University, Nagasaki 852-8521, Japan. He is now with Miramar 
Labs, Inc., Sunnyvale, CA 94085 USA (e-mail: johnsonj@ieee.org). 
T. Takenaka, K. A. H. Ping, S. Honda, and T. Tanaka are with the Depart-
ment of Electrical and Electronic Engineering, Nagasaki University, Nagasaki 
852-8521, Japan (e-mail: takenaka@nagasaki-u.ac.jp). 
Digital Object Identifier 10.11 09/TBME.2009 .2022635 
properties of tumors and the surrounding breast tissue in the 
microwave frequency range, has recently been shown to be less 
drastic than previously imagined [6]. This new understanding 
of breast tissue composition poses a new and difficult challenge 
for the microwave-based approach to imaging. 
Recent advances in active imaging include synthetic-
aperture-radar-(SAR) based techniques such as tissue sensing 
adaptive radar (TSAR) [7]-[9] and microwave imaging via 
space-time beamforming (MIST) [10]-[12], both of which have 
demonstrated the ability to detect tumors both in numerical stud-
ies and realistic phantom experiments. Another approach is the 
time-reversal technique [13] in which signals acquired from 
scattering measurements of the breast are back propagated to 
achieve a focusing effect on a scatterer (i.e., tumor) in the breast, 
potentially leading to detection and localization. Additionally, 
frequency-domain inverse scattering approaches such as those 
of Meaney and coworkers have also demonstrated successful 
numerical and phantom results [14], [15], in addition to very 
promising preliminary clinical studies [5], [16]. 
The forward-backward time-stepping (FBTS) technique is 
an approach to microwave imaging in which a nonlinear in-
verse scattering computation is formulated in the time domain 
utilizing finite-difference time-domain (FDTD) simulation to 
reconstruct the dielectric properties of an object. This approach 
was reported by Takenaka et al. [17] for a simple 1-D case, and 
has been extended to reconstruction of simple objects in 2-D 
[18], [19] and 3-D for both numerical- [20] and measurement-
based studies [21], and more recently, to a heterogeneous breast 
model in 2-D [22], [23]. Similar time-domain approaches uti-
lizing an FDTD-based approach have also been presented in 
the literature [24]-[27], including a recent 2-D investigation 
of a heterogeneous breast model that included dispersive ef-
fects [26] and a measurement-based 2-D study of simple dielec-
tric objects [27]. The FBTS technique allows a broad spectrum 
of frequencies to be utilized in a single optimization, giving 
the potential for a large amount of information about the inter-
nal composition of the breast to be obtained. Additionally, the 
use of a nonlinear inverse scattering approach, although com-. 
putationally intensive, allows quantitative reconstruction of the 
electrical properties of the breast to be obtained, rather than the 
detection of scatterers as is the case for radar-based approaches. 
This has the potential advantage of allowing discrimination be-
tween malignancies and other relatively high-water-content tis-
sues such as fibroglandu1ar tissue. In this study, an extension of 
the FBTS technique to a 3-D numerical study of a heterogeneous 
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Fig. 1. Block diagram showing the vertically scanned circular scattering characterization scheme. (a) xz plane, showing the three vertical measurement positions 
to which the circular array is scanned. (b) xy plane, showing the 32-element circular array and a tabulation of which antennas are utilized as transmitters at each 
vertical position (row). 
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Fig. 2. Block diagram showing the planar scattering characterization scheme 
in the xy plane. The 49 elements in the array are shown along with a tabulation 
of which antennas are utilized as transmitters. 
MRI -derived breast model is presented, providing further pre-
liminary evidence of the potential of the FBTS approach for 
breast cancer detection. First, in Section II, an overview of the 
FBTS imaging technique is provided. This is followed by details 
regarding the development of the breast model (see Section IlI-
A), the implementation of the algorithm (see Section III-B), and 
the scattering characterization schemes utilized (see Section III-
e). Results of the study are shown in Section IV, and followed 
by Section V, which provides some discussion and analysis of 
the results, shortcomings of the approach when applied to more 
difficult imaging problems, and areas of future development. 
Finally, Section VI gives a brief conclusion. 
II. FBTS IMAGING 
The foundation of the FBTS technique lays in the formu-
lation of an error functional that compares measured and cor-
responding computed scattering data in the time domain. A 
multistatic scattering measurement system is utilized to charac-
terize the breast, as demonstrated in the basic diagrams shown in 
Figs. 1-3 (described in further detail shortly). The breast is sur-
rounded by an array of antennas and a set of measured scattering 
data is acquired by utilizing one antenna as a transmitter and 
receiving the subsequent scattered signal with the surrounding 
antennas. A different transmitting antenna is then selected and 
the process is repeated until a desired set of transmit/receive 
data for multiple antenna combinations is characterized. This 
measured dataset is compared to an equivalent simulation in 
which the same set of scattering data are computed for an as-
sumed set of dielectric parameters p representing the electrical 
property profile of the breast. The set of parameters p can con-
sist simply of the permittivity Er and conductivity (J', or can be a 
more complex representation such as a set of first-order Debye 
parameters [26]. In the FBTS approach, the computed scattered 
dataset is conveniently calculated in the time-domain utilizing 
the FDTD technique. 
The error functional Q (p) for the assumed set of dielectric 
parameters p is expressed as 
T M N 
Q(p) = 1 I: I: IVm(p;rn,t) -vm(rn,t)12 dt (1) 
o m=l n=l 
where vm (rn, t) represents the measured received scattered 
E-field data at a receiving position n due to a transmitter m, and 
Vm (p; r n , t) represents the corresponding computed scattered 
E-field data for the assumed set of parameters p. The errors be-
tween the measured and computed scattered fields are summed 
for each transmitter/receiver combination and integrated over 
the entire duration of the signal (T). 
By taking the Frechet derivative [28] of (1) and introducing 
a set of electromagnetic fields Wmi (p; r, t) that represent the 
solution to the adjoint form of Maxwell's equations [17]-[20], 
the gradients of the error functional Q(p) with respect to Er and 
(J' can be expressed by 
rT M 3 [ d 1 gEr (r) = Jo J; ~ Wmi (p; r, t) dt Vmi (p; r, t) dt (2) 
T M 3 
g(J(r) = 1 I: I:[Wmi(p; r, t)Vmi(P; r, t)]dt 
o m=l i=l 
(3) 
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Fig. 3. Block diagram showing the combination scattering characterization scheme. (a) xz plane, showing the vertical positions of the two circular arrays and the 
planar array, and a tabulation of which antennas are utilized as transmitters at each vertical position (row). (b) xy plane, showing the 12 elements in the circular 
arrays, as well as the 25 elements in the planar array. 
where the field values Vmi (p; r, t) and Wmi (p; r, t) are those 
calculated in the reconstruction region r. As described in [17] 
and [20], the adjoint field terms can also be computed utilizing 
the FDTD method, with the received residual scattered signals 
[vm (p; r n , t) - vm (r n , t)] being reversed in time and utilized 
as sources. The summation term from i = 1 to i = 3 represents 
the fact that in 3-D the gradients are calculated using the X-, 
Y-, and z-components of Vmi and Wmi and then added together. 
The gradient terms (2) and (3) allow the conjugate gradient 
technique [29] to be utilized to minimize the error functional 
0), resulting in an estimation of the electrical parameters p. 
Note that in this study it is assumed that the media is dis-
persionless, with constant permittivity and conductivity over 
changes in frequency. This assumption allows for a less com-
plex reconstruction algorithm where two (Er and a) rather than 
three (e.g., Es , Eoo , and as) or more parameters need to be re-
constructed, and is utilized for this early stage investigation. 
III. METHODS 
A. MRI-Based Breast Modeling 
Building upon previous 2-D MRI-based breast modeling 
work described in [22], an anatomically realistic 3-D breast 
model has been developed. The modeling approach, which is 
very similar to the piecewise linear approach described in [30], 
consists of mapping the pixel intensities of an MR image of the 
breast to an equivalent set of Debye parameters. This is done 
by first plotting the histogram of the pixel intensities of the 
MR image and segmenting the image into three distinct regions 
including a fat region, fibroglandular region, and fat to fibrog-
landular transition region. Pixel intensity levels that delineate 
these regions are chosen by visual inspection of the MR image. 
After performing the segmentation of the MR image, a piece-
wise linear mapping scheme is utilized to assign a set of Debye 
model parameters to each pixel intensity. Nominal Debye pa-
rameters from the literature [30] for fat and fibroglandular tissue 
are assigned to the pixel intensities that define their nominal in-
tensity on the histogram. The nominal Debye values (Es, Eoo , 
and as) are then varied linearly by ± 10% within each tissue 
TABLE I 
ELECTRICAL PROPERTY PARAMETERS UTILIZED FOR BREAST MODEL 
Tissue Es Eoo O's T Er 2GHz 0'2GHz 
fibroglandular 21.57 6.14 0.31 7.0e-12 21.45 0.46 
fat 10.00 7.00 0.15 7.0e-12 9.98 0.18 
skin 37.00 4.00 1.10 7.2e-12 36.73 1.43 
tumor/chest wall 54.00 4.00 0.70 7.0e-12 53.62 1.19 
coupling liquid 9.98 0.0 
region (with T left constant). The values assumed for the vari-
ous tissue types are summarized in Table I. It should be noted 
that the nominal values assumed for the fibroglandular tissue 
were significantly lower than indicated in the recent study by 
Lazebnik et al. [6]. As such, the contrast between the tumor and 
surrounding fibroglandular tissue is significantly higher than 
might typically be expected in practice. However, in this early 
stage investigation, this less challenging case was considered 
sufficient to quantify the efficacy of the 3-D FBTS technique 
in a significantly more complex heterogeneous situation than 
previously investigated. An initial analysis of a reduced con-
trast model was also conducted, as described in Section III -D 
shortly. 
A 2-mm-thick skin layer and a IO-mm-diameter spherical 
tumor are added to the model and these pixels are assigned 
the nominal Debye parameters for their respective tissue types. 
Finally, since a nondispersive case was assumed in this study, 
the Debye parameters for the entire model are evaluated at the 
center frequency of the input signal used in subsequent FDTD 
simulations (2 GHz in this case), resulting in a final, anatomi-
cally accurate breast permittivity and conductivity model. Since 
this study utilizes a nondispersive assumption, a simpler mod-
eling approach in which constant permittivity and conductivity 
values are mapped directly is also possible. However, taking the 
approach of utilizing a Debye-based model allows for future 
expansion to a dispersive case. 
B. Algorithm Setup 
As described earlier, the FBTS algorithm utilizes FDTD sim-
ulation for solving both the forward scattering problem as well 
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as the adjoint field computation. A custom FDTD subroutine 
was implemented in Fortran, with the convolutional perfectly 
matched layer (CPML) formulation [31] used to terminate the 
simulation boundaries. The FBTS algorithm was implemented 
in the Python programming language, which allowed high-level 
scripting commands to be utilized to define the scattering char-
acterization scheme and drive the FDTD module. One of the 
biggest challenges in moving from a 2-D to 3-D implementation 
of the FBTS algorithm is the increased computational demand. 
Being an iterative, FDTD-based technique, reconstruction times 
can quickly become prohibitively large when moving to a 3-D 
case. Thus, the FBTS algorithm was implemented with a paral-
lel computing structure and utilized message passing interface 
(MPI) commands in Python to distribute the calculations to 
mUltiple processors. 
Numerical scattered signal datasets were formed using FDTD 
simulationsoftheMRI-basedbreastmodelona 1 mm x 1 mm x 
lmm grid with a 2 GHz sinusoidally modulated Gaussian pulse 
with a 1.3 GHz bandwidth. This frequency range was chosen 
to give an optimal tradeoff between the resolution of the image 
and the convergence of the imaging algorithm [27]. Antennas 
were modeled as discrete 50 ohm line sources extending across 
a single gridline in the FDTD space. This simplified antenna 
model allowed the desired pulse to be utilized without distortion 
due to the antenna response (e.g., that of a narrowband dipole 
antenna). Eventual integration of the FBTS technique with real 
measured data will require precise modeling of the antenna and 
will be subject to the limitations in the antenna performance, 
and thus will be a focus of future development. Alignment of 
the antennas relative to the breast is detailed in Section III-C 
shortly. 
The FBTS computations were conducted assuming that the 
breast was measured in a lossless coupling liquid with relative 
permittivity similar to the nominal value assumed for fat tissue 
Er = 9.98. The choice of an immersion liquid roughly matching 
breast fat was demonstrated to be efficient for imaging in pre-
vious studies [22], [32], although it is also a variable for further 
optimization. For the reconstructions, it was also assumed that 
the position of the breast and thickness of the skin could be 
detected. This is a fairly large assumption made for this early 
stage investigation, although microwave-based approaches are 
under development both for breast position [33], [34] and skin 
thickness estimation [35]. 
An initial permittivity and conductivity value of + 10% of 
the nominal value was assumed for the skin, and the remain-
ing "normal" breast tissue region was assigned dielectric values 
equal to the coupling liquid (Er = 9.98, (J" = 0.0). Pixels in the 
entire breast region, including the skin region, were allowed 
to vary during the reconstruction with pixels outside the breast 
regiqn fixed as equal to the coupling liquid. The reconstruc-
tions were carried out for 100 iterations for all cases, which 
although not explicitly optimized, ensured that only minimal 
dec;eases in the error functional were observed for subsequent 
iterations (2% or smaller, with exception of the planar case de-
scribed shortly). Calculation time was 38 min per iteration uti-
lizing a parallel computing cluster of ten PCs with AMD Athlon 
64 4000+ processors and 4 GB of RAM. 
C. Scattering Characterization Schemes 
In order to assess the efficacy of the 3-D FBTS approach, the 
MRI-derived breast model was analyzed utilizing four illumi-
nation schemes. These consisted of a vertically scanned circular 
configuration, a cylindrical configuration, a planar configura-
tion, and a combination cylindrical/planar configuration. Each 
of the four configurations utilized either circular arrays of anten-
nas, a planar array of antennas, or a combination of both. Circu-
lar array elements were aligned to radiate a z-polarized E-field, 
while planar elements were aligned to radiate an x-polarized 
field. A minimum antenna to breast distance of between 29 and 
33 mm was utilized, which approached the closest allowable 
distance before the antennas exhibited reactive coupling that 
would cause inaccuracies in the reconstruction. For each of the 
configurations, ten total transmitting locations were utilized and 
all available receivers were utilized for each transmitter. The to-
tal number of antennas for each configuration was chosen such 
that a similar number of TxIRx combinations could be utilized, 
with the exception of the vertically scanned case. Details of each 
of the configurations are provided below. 
1) Vertically Scanned Circular: The first configuration con-
sists of a 170 mm diameter circular array of 32 antennas aligned 
in a single plane, as shown in Fig. 1. In this configuration, a set 
of scattering measurements is taken with the array aligned in a 
vertical position 8 mm from the chest wall (row 1). The array 
is then moved down 12 mm in the negative z-direction to row 
2 and another set of measurements is made, and the process is 
repeated once again at row 3. Fig. 1 shows which antenna ele-
ments were utilized as transmitters for each row, these locations 
were selected such that the breast was illuminated from a variety 
of angles in the xy-plane encircling the breast in a symmetric 
pattern. In this configuration, a total of 310 TxlRx combinations 
are used. This configuration contains significantly fewer scat-
tering data (fewer TxIRx combinations) than the other cases; 
however, it is a practical case (see for example [4]) that war-
ranted analysis and comparison to the cases with more TxlRx 
combinations. 
2) Cylindrical: The cylindrical configuration consists of 
three rows of 16-element circular arrays (170 mm in diameter). 
Rows are spaced 12 mm from each other, and the row closest to 
the chest wall is 8 mm away. The configuration is equivalent to 
the configuration shown in Fig. 1, except there are three rows of 
antennas present (rather than a single scanned row) and there are 
only half the number of antennas in each row. The transmitter 
locations in each row are the same as for the vertically scanned 
case. For each transmitter there are 47 receivers, thus giving a 
total of 470 TxlRx combinations. 
3) Planar: The planar configuration consists of a 49-
element array (on a 7x7 grid) that spans 90 mm in either di-
rection, as shown in Fig. 2. Elements are spaced 15 mm from 
each other in the x- and y-directions, and are aligned to radiate 
an x-polarized E-field. The array was placed at a vertical dis-
tance of 63 mm from the chest wall and 29 mm from the clos-
est point on the breast. Transmitting positions are detailed in 
Fig. 2 and were chosen to radiate signals into the breast from a 
variety of angles in a symmetric pattern in the xy plane. For each 
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Fig. 4. Permittivity images in xy plane (z = 60 mm) of breast model with 10 mm tumor in the fibroglandular region: (a) model, (b) vertically scanned 
configuration, (c) cylindrical configuration, Cd) planar configuration, and Ce) combination configuration. 
transmitter there are 48 receivers, thus giving a total of 480 
TxlRx combinations. 
4) Combination: The combination configuration consists of 
two rows of 12-element circular arrays (170 mm in diameter), as 
shown in Fig. 3. The rows are spaced 20 mm from each other, and 
the row closest to the chest wall is 8 mm away. This configuration 
also includes a 25-element planar array (on a 5 x 5 grid) that 
spans 90 mm in either direction. The transmitter locations were 
selected using the same methodology as for the previous cases. 
For each transmitter there are 48 receivers, giving a total of 
480 TxlRx combinations. This configuration which combines 
cylindrical and planar arrays is similar to the scheme presented 
in [34]. 
D. Reduced Contrast and Tumor Size 
In addition to the analysis described earlier, effects of re-
duced contrast and tumor size on the efficacy of the FBTS tech-
nique were analyzed. The effects of reduced tumor volume were 
demonstrated by reconstructing models with an 8 mm tumor and 
a 5 mm tumor using the same breast model properties presented 
in Section III-A. Effects of reduced contrast were also studied 
using a breast model with nominal fibroglandular tissue prop-
erties derived from recent studies from Lazebnik et al. [6], [36] 
demonstrating higher permittivity and conductivity values than 
previously shown. Specifically, a reduced contrast model was 
created by utilizing the "group 2" breast tissue, single-pole 
Debye model from [36] for the fibroglandular region (with Cs = 
37.65, Coo = 5.57, o"s = 0.52, T = 8.68e-12, cr2 GHz = 37.27, 
0"2 GHz = 0.91). The values for the other regions were identical 
to the model of Table I and a 10 mm diameter tumor was utilized. 
For both the reduced size tumor models and the reduced contrast 
model, reconstructions were conducted using the combination 
configuration and compared to the reconstruction of the original 
model with the 10 mm tumor. 
IV. RESULTS 
Fig. 4. shows a 2-D horizontal cross section (in the xy plane) 
through the 3-D permittivity reconstructions for each of the il-
lumination schemes described earlier, with the model included 
for comparison. Reconstruction of the tumor, as well as the sur-
rounding fibroglandular region is clearly demonstrated for the 
vertically scanned, cylindrical, and combination cylindrical-
planar array illumination schemes. The peak permittivity values 
in the tumor region are Cr = 45.6 for the vertically scanned 
configuration, Cr = 49.54 for the cylindrical configuration, and 
Cr = 45.9 for the combination configuration compared to the 
actual value of Cr = 53.62. The planar configuration reconstruc-
tion [see Fig. 4(d)] is of significantly reduced quality compared 
with the other schemes, with the tumor indistinguishable from 
the surrounding tissue. Corresponding vertical 2-D cross sec-
tions (in the xz plane) for the permittivity reconstructions are 
shown in Fig. 5. While the vertically scanned, cylindrical, and 
combination configuration images are relatively similar in the 
horizontal cross section, some distinct differences are exhibited 
in the vertical cross section. The shape of the reconstructed tu-
mor for the vertically scanned based image [see Fig. 5(b)] is 
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Fig. 5. Permittivity images in.xy plane (y = 104 mm) of breast model with 10 mm tumor in the fibroglandular region: (a) model, (b) vertically scanned 
configuration, (c) cylindrical configuration, (d) planar configuration, and (e) combination configuration. 
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Fig. 6. I -D cuts through 3-D permittivity reconstructions: (a) x-axis (y = 104 mm, Z = 60 mm), (b) y-axis (x = 79 mm, Z = 60 mm), (c) z-axis (x = 79 mm, 
y = 104 mm). 
stretched vertically and appears somewhat cylindrical. In con-
trast, the cylindrical and combination configurations reconstruct 
a tumor with a more circular cross section that better approxi-
mates the modeled lesion. Again, for all three cases (vertically 
scanned, cylindrical, and combination), the fibroglandular re-
gion is reconstructed distinctly from the fat region. Fig. 5 also 
demonstrates the reduced image quality when the planar con-
figuration is utilized. 
Fig. 6. shows I-D cuts through the 3-D permittivity images 
along the X-, y- , and z-axis on a line cutting through the center of 
the tumor (which is positioned at x = 79 mm, Y = 104 mm, and 
z = 60 mm) and provides a quantitative comparison of the four 
illumination schemes. Accurate tumor detection (for all cases 
except the planar configuration) is demonstrated by both the 
large predicted permittivity value in the tumor region, as well 
as the accurate prediction of the tumor position--particularly 
for the combination configuration. The accuracy of the permit-
tivity reconstructions is further quantified in Table II. The table 
spows the averaged permittivity and conductivity values for the 
fibroglandular, fat, and skin regions of the initial model and 
reconstructed images (determined utilizing pixels at sets of x, 
y, z-coordinates for the various tissue regions defined in the 
model). Observing first the fibroglandular region, it is seen that 
TABLE II 
QUANTITATIVE COMPARISON OF PERMITTIVITY AND CONDUCTIVITY 
RECONSTRUCTIONS 
Model Vert- Cylin- Planar Combi-
Scan drical nation 
Ea v g 21.5 18.9 19.0 17.2 19.1 
Fibro 
O'avg (S/m) 0.46 0.44 0.38 0.47 0.43 
Ea v g (%err) -12.1 -11.8 -20.2 -11.3 
O'avg (%err) -4.4 -17.7 2.9 -6.3 
Eav g 10.1 11.2 11.2 11.7 11.1 
Fat 
O'av g (S/m) 0.18 0.21 0.22 0.24 0.20 
Eav g (%err) 11.0 10.9 15.8 10.1 
O'av fl (%err) 15.5 21.5 32.0 13.2 
Ea v g 36.7 34.3 34.3 34.1 34.9 
Skin 
O'avg (S /m) 1.43 1.32 1.35 1.25 1.33 
Eavg (%err) -6.5 -6.6 -7.2 -4.9 
O'avf!. (%err) -7.4 -5.9 -12.3 -6.7 
Ea v g 53 .6 35.6 36.2 23.4 36.5 
O'avg (S /m) 1.19 0.68 0.60 1.17 0.94 
Tumor 
Eavg (%err) -33.7 -32.5 -56.4 -31.9 
O'av f!. (%err) -42.2 -49.2 -1.2 -21.1 
E.6, Cntr (mm) 3.0 4.0 6.4 0.0 
0' .6, cntr (mm) 4.7 2.4 5.1 2.2 
the averaged permittivity values are most accurate for the combi-
nation configuration, having an - 11 .3% error when compared 
with the model. The vertically scanned and cylindrical cases 
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Fig. 7. Conductivity images in xy-plane (z = 60 mm) of breast model with 10 mm tumor in the fibroglandular region: (a) model, (b) vertically scanned 
configuration, (c) cylindrical configuration, (d) planar configuration, and (e) combination configuration. 
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Fig. 8. Conductivity images in xz-plane (y = 104 mm) of breast model with 10 mm tumor in the fibroglandular region : (a) model, (b) vertically scanned 
configuration, (c) cylindrical configuration, (d) planar configuration, and (e) combination configuration. 
exhibit similar accuracy as the combination configuration while 
the planar configuration is significantly less accurate ( - 20.2% 
error compared with the model) . In the fat and skin regions, av-
erage permittivity values are similar for all four reconstructions. 
For the tumor region, as in the other regions, the average permit-
tivity value is most accurate for the combination configuration. 
Table II also demonstrates the localization of the tumor, with the 
value ED. center showing the difference between the actual and 
predicted center point of the tumor (calculated for the recon-
structions utilizing the x, y, and z-coordinate of the maximum 
permittivity value in the tumor region). The localization for the 
combination configuration matches the model exactly and the 
vertically scanned and cylindrical cases also predict the tumor 
position to within 4.0 mm. 
Figs. 7 and 8. show the conductivity reconstructions corre-
sponding to the permittivity reconstructions of Figs. 4 and 5 
(with scaling renormalized to a scale from CJ = 0 to 1.4, rather 
than the permittivity scaling from Er = 9 to 40). Observing 
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Fig. 9. 1-D cuts through 3-D conductivity reconstructions: (a) x-axis (y = 104 mm, Z = 60 mm), (b) y-axis (x = 79 mm, Z = 60 mm), (c) z-axis (x = 79 mm, 
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Fig. 10. I-D cuts along the y-axis (x = 79 mm, Z = 60 mm) through 3-D reconstructions with varying diameter tumors. (a) Permittivity image. (b) Conductivity 
image. 
Fig. 7, it is clear that the conductivity images are of lower gen-
eral quality than the corresponding permittivity images. The 
tumor does not appear distinctly in the conductivity image for 
the vertically scanned, cylindrical, or planar configurations. For 
the combination configuration [see Fig. 7 (e)] the tumor is distin-
guishable from the surrounding fibroglandular tissue, although 
the contrast between the tumor and surrounding tissue is greatly 
reduced compared to the permittivity image. The shape of the 
reconstructed tumor for the combination configuration is also 
distorted, being stretched along the y-axis. The vertical cross 
sectional reconstructions of Fig. 8 demonstrate similar results 
as the horizontal cross sections. The combination configuration 
provides a reconstruction of the tumor, while the other cases fail 
to do so. However, the vertically scanned and cylindrical cases 
give a reasonably accurate reconstruction of the fibroglandular 
region distinct from the surrounding fat tissues. This is observed 
in both the horizontal and vertical planes. 
Fig. 9. shows 1-D cuts through the conductivity images (as 
the same manner shown in Fig. 6 for the permittivity images). 
In contrast to the permittivity images, the reconstructions of the 
model are fairly poor for all of the illumination schemes ex-
cept the combination configuration. The vertically scanned and 
cylindrical configurations result in reconstructions that gener-
ally track through the fat and fibroglandular regions fairly well 
particularly along the x- and y-axis, as shown in Fig. 9(a) and 
(b); however, there are no significant increases in the tumor re-
gion indicating tumor detection. The combination configuration 
tracks relatively accurately through the fat and fibroglandular re-
gions and rises to a local maximum that delineates the presence 
TABLE III 
COMPARISON OF RECONSTRUCTIONS OF VARYING DIAMETER TUMORS 
UTILIZING COMBINATION CONFIGURATION 
Model 10mm Smm 5mm 
Eavg 21.5 19.1 19.1 19.0 
Fibro O"avg (S/m) 
0.46 0.43 0.43 0.42 
Eavg (%diff) -11.3 -11.4 -11.6 
O"avg (%diff) -6.3 -7.0 -S.9 
Eavg 53.6 36.5 34.1 27.S 
O"avrJ. (S/m) 1.19 0.94 0.79 0.63 
Tumor 
Eavg (%diff) -31.9 -36.4 -48.1 
0" avg (%diff) -21.1 -33.5 -46.S 
E.6,Cntr (mm) 0.0 0.0 1.0 
0".6, cntr (mm) 2.2 2.2 * 
*Tumor not detected for this case. 
of a tumor and approximates the tumor from the model. Table II 
shows further quantitative data for the conductivity reconstruc-
tions. From the table it is shown that the average reconstructed 
conductivity values are fairly similar for all four reconstructions 
for the fibroglandular, fat and skin regions. The distinct differ-
ence in the average conductivity values is shown in the average 
tumor values, which are superior for both the combination and 
planar cases (although, as demonstrated in Figs. 7 and 8, the 
general quality of the planar configuration image is poor). 
Results for reconstructions of reduced size tumors with the 
combination configuration are shown in Fig. 10, which shows 
a 1-D plot comparing the model to the reconstructed results for 
the original 10-mm diameter tumor, as well as the smaller diam-
eter tumors. As might be expected, the image quality begins to 
deteriorate as the tumor diameter is decreased, with the 5-mm 
diameter tumor barely registering a permittivity level that is 
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Fig. 11. Images in xz-plane (y = 104 mm) ofreduce.d .contrast mOde.1 with 10 mm tumor in the fibroglandular region: (a) permittivity model, (b) permittivity 
reconstruction, (c) conductivity model, and (d) conductIvIty reconstructIOn. 
larger than the fibroglandular tissue in the area of the tumor [see 
Fig. 10(a)]. Additionally, the conductivity reconstruction for the 
5-mm diameter tumor [see Fig. 10(b)] shows no distinguishable 
peaks in the region of the tumor. Table III provides a quantitative 
comparison of the reconstructed images and demonstrates that 
while the accuracy of the reconstruction of the fibroglandular 
region of the breast was virtually identical for all three cases 
(the skin and fat regions were also similar for all three cases 
but are not shown), the average permittivity and conductivity 
values in the tumor region begin to deviate from the modeled 
value as the tumor diameter decreases. Localization of the tu-
mor is similar for all three tumors, with the exception of the 
conductivity reconstruction of the 5-mm diameter tumor, which 
was indistinguishable from the fibroglandular region. 
Reconstructions of the reduced contrast model are demon-
strated in Fig. 11, which shows the model and corresponding 
reconstructed Er and () s images in the xz plane. As the figure 
shows, the reduced contrast between the tumor and fibroglan-
dular region had the effect of masking the tumor. Additionally, 
the algorithm had difficulty converging on an accurate solution 
to the fibroglandular region in general. This is clearly evident 
in Fig. 11 (b), which shows that the reconstructed permittivity 
values in the fibroglandular region were much too low. For the 
reconstructed permittivity image the Eavg = 11.9 in the fibrog-
landular region compared to an Eavg = 37.4 for the model. In the 
fat region the permittivity reconstruction resulted in an Eavg = 
11.2 compared to an Eavg = 10.1 for the model. Fig. 11 (d) 
demonstrates that the conductivity image generally has larger 
conductivity values in the fibroglandular region than in the sur-
rounding fat region, however the actual conductivity value is 
over-predicted, particularly in the lower region of the breast 
(between z = 40 and z = 50). For the reconstructed conductiv-
ity image the () av g = 1.01 in the fibroglandular region compared 
to a () avg = 0.91 for the model. In the fat region the average con-
ductivity was over-predicted significantly, with the () avg = 0.46 
for the image compared to a () av g = 0.18 for the model. 
V. DISCUSSION 
The differences in image quality among the four illumina-
tion schemes examined in the numerical study provide some 
significant insight into the choice of measurement points for 
scattering characterization of the breast. The data clearly sug-
gest, as might be expected, that illumination of the breast with 
a larger variety of vertical (z-direction) and horizontal (x- and 
y-direction) angles gives better image quality for an equivalent 
number of transmitter/receiver combinations. The planar con-
figuration, in which the antennas are aligned in a single plane 
(xy-plane), results in very poor reconstruction quality compared 
to the other schemes. The reduced quality in this case is likely 
compounded by chest wall effects, with the tumor response be-
ing largely masked by large reflections from the chest wall, an 
effect described in [37]. 
The vertically scanned configuration utilizes three measure-
ment planes and, as is particularly evident in Fig. 6, has greatly 
improved tumor detection compared to the planar reconstruc-
tion. This configuration is advantageous for practical implemen-
tation as a vertically scanned circular antenna array, as has been 
presented in the literature [5], [14]. As discussed in [38], how-
ever, a potential shortcoming of this approach is the fact that 
no "cross-plane" measurements are possible, with the conse-
quence of less precise vertical resolution of a tumor. The recon-
structions presented in this work reinforce this concept, with a 
slightly "stretched" tumor shape along the z-axis observed for 
the vertically scanned case, as shown in Figs. 5(b) and 6(c). 
The combination configuration, like the cylindrical configu-
ration, utilizes three measurement planes. However, it is clear 
in this case that combining cylindrical and planar elements has 
maximized the amount of information contained in the scatter-
ing data, resulting in a less ill-posed [39] inverse- scattering 
problem and subsequently an improved image quality. This is 
most evident by the fact that the combination configuration 
results in tumor detection for both the permittivity and con-
ductivity images. Additionally, the combination configuration 
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demonstrates improved accuracy in the permittivity reconstruc-
tion of the fibroglandular region near the chest wall. This is 
observed in comparison of the images of Fig. 5(b), (c), and (e) 
in the region between the tumor and chest wall. Finally, the re-
sults summarized in Table II further highlight the improvements 
in the permittivity and conductivity reconstructions provided by 
the combination configuration. Although for the most part the 
averaged Er and (J" values are similar in the various tissue regions, 
the reconstructed tumor conductivity is significantly more ac-
curate for the combination configuration. The combination case 
also provides superior localization of the tumor for both the 
permittivity and conductivity reconstructions. 
The numerical study also demonstrates that the reconstructed 
image quality is significantly greater for the permittivity than the 
conductivity. This is a known phenomenon that can be mainly 
attributed to the fact that the error functional (1) tends to be more 
sensitive to deviations in the permittivity than the conductivity. 
Small phase shifts in the time domain due to permittivity changes 
generally cause great differences between the measured and 
computed the scattered waveforms. Changes in the amplitude 
due to conductivity differences are less significant and thus 
become less heavily weighted in (1). 
One assumption utilized in this study that warrants discussion 
was that the position of the breast could be detected and the skin 
thickness estimated. Although this assumes a fairly large amount 
of a priori information about the breast, microwave technology 
is under development to estimate the breast location [33], [34], 
the thickness of the skin [35], and the average breast tissue 
properties [26]. Although not analyzed in this work, it is also 
possible that less accurate estimates for the breast shape and po-
sition will also provide adequate image quality, as demonstrated 
in the 2-D study presented in [22]. Nonmicrowave approaches 
for conducting these measurements, for example optical po-
sitioning techniques [40] or skin thickness measurements via 
ultrasound [41], could certainly also be envisioned for future 
integration with the FBTS technique. 
Finally, some discussion regarding future challenges for the 
FBTS approach is provided. Tumors of reduced size were clearly 
more difficult to detect, although some success was demon-
strated even with a 5-mm diameter tumor. Reduced contrast 
models had deleterious effects on the FBTS algorithm, causing 
it to converge on an inaccurate solution with poor reconstruc-
tion quality. Although clearly there are limitations in the present 
implementation of the FBTS technique, future enhancements to 
the approach should be possible. As discussed in [27], in the it-
erative time-domain inverse scattering process there is a strong 
relationship between the center frequency of the pulse being 
utilized, resolvable object size, and stability of algorithm con-
vergence. Lower frequency pulses lend themselves to resolving 
larger objects and tend to be more stable, while higher frequency 
pulses can improve resolution but may not converge on a valid 
solution. In [42] it was demonstrated that utilizing transmitted 
pulses of incrementally increasing frequency during iterations 
of the FBTS technique could overcome the effects of noisy data. 
A similar approach may allow low resolution images that delin-
eate, for example, the fibroglandular region from areas of skin 
and adipose-dominated tissue to be created at lower-frequencies 
and utilized as initial guesses to stabilize subsequent higher 
frequency reconstructions for resolving smaller, lower contrast 
tumors. Other techniques, such as edge-preserving regulariza-
tion [19], [43] or other regularization schemes may also possibly 
be incorporated to improve the FBTS algorithm accuracy and 
stability. Exploring such techniques is a critical area of fur-
ther investigation and advancement of the FBTS approach. For 
future integration with measured scattering data, it is also pos-
sible that dispersive effects will need to be included as part of 
the FBTS algorithm. This is possible by utilizing, for example 
a first-order Debye model for the material properties and dif-
ferentiating the error functional (1) with respect to the Debye 
parameters (Es, E(X), and (J"s). Preliminary success in conducting 
2-D time-domain inverse scattering using a Debye model has 
been demonstrated in an approach similar to the FB TS technique 
by Winters et al. [26]. Development of scattering measurement 
systems and integration of measurement data with the FBTS 
technique is another future challenge for this approach. 
VI. CONCLUSION 
In this study, recent advances in the 3-D FBTS inverse scatter-
ing technique for breast cancer detection have been presented. 
A numerical study based on scattering simulations of an MRI-
derived breast model provided preliminary evidence of the effi-
cacy of the FBTS method for tumor detection and discrimination 
of the various internal breast tissue types in three dimensions. 
Although the technique has demonstrated promising results, it 
also had limited success resolving tumors of reduced size and 
contrast. Future development of this technique to address these 
issues, as well as integrate dispersive properties and practical 
measurement data should further increase the potential of FBTS 
for breast cancer detection. 
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